Abstract. Tropospheric carbon monoxide (CO) column densities were retrieved from 491 nadir infrared spectra obtained by the University of Wisconsin's High-Resolution Interferometer Sounder (HIS) during a cross-country flight of a NASA ER-2 on September 12-13, 1993 (UT). A classical, Fourier-based signal-processing technique was utilized to retrieve the CO column density from the 2135-2200 cm −1 portion of the CO 1-0 vibration-rotation band. Error analysis indicates column CO retrieval uncertainties of approximately ±10%. Retrieved CO column densities over the western United States from this flight, ∼1.2 ×10 18 cm −2 , agree well with previous ground-based CO column measurements over the western United States at the same season. Derived CO sensitivity functions for these measurements possess a broad peak centered in the 500-600 mbar region, thus implying the retrieved tropospheric CO mixing ratios are indicative of the mean free troposphere (mft). Across the United States, three spatial groupings of CO were observed: west, mft CO ∼ 76 parts per billion by volume (ppbv); midwest, mft CO ∼ 56 ppbv; and east, mft CO ∼ 71 ppbv. Weather map and back trajectory analyses indicate different source regions for the air parcels in each of these regions. The low CO amounts over the midwest most likely result from the mixing of rapidly subsiding air naturally low in CO with a lowaltitude inflow of similarly clean subtropical air off the Gulf of Mexico. These results demonstrate the utility of satellite infrared spectrometer observations to globally map tropospheric CO abundances and further reveal the impact of synoptic scale atmospheric circulations on CO abundances.
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Introduction
With a lifetime of 1-3 months and large tropospheric variability, carbon monoxide (CO) serves as a tracer of atmospheric motions and natural and anthropogenic environmental alteration [Law and Pyle, 1993] . Recent scientific reports emphasize the importance of tropospheric chemistry in assessing environmental health and the magnitude of global climate change [Moore and Frieman, 1995; Jacob et al., 1995] . Measurements of the global distributions of tropospheric O 3 and its precursor gases, water vapor (H 2 O), CO, methane (CH 4 ), and nitric oxide (NO), are ranked among the highest priorities for the United States Global Climate Change Research Program [Jacob et al., 1995] .
A subject of particular concern in tropospheric chemistry is that increasing levels CO may lead to a decrease in the atmospheric abundance of hydroxyl (OH). Such a decrease in OH could reduce the atmosphere's ability to scavenge other trace gases and lead to a buildup of other pollutants including ozone (O 3 ) [Sze, 1977; Thompson, 1992] . Over the past 45 years, CO in the northern hemisphere has had periods of increase [Graedel and McRae, 1980; Khalil and Rasmussen, 1988; Yurganov et al., 1995] and decrease [Khalil and Rasmussen, 1994; Novelli et al., 1994] . Understanding these changes in terms of well-defined sources and sinks of CO remains a major goal of global change research that can only be achieved with global, free tropospheric observations. Such global observations can be supplied only by satellite observations [Moore and Frieman, 1995; Jacob et al., 1995] .
Future instruments with the capability to measure global CO include the Measurement Of Pollution In The Troposphere (MOPITT) instrument on the Earth Observing System (EOS) AM1 platform in 1998 [Drummond, 1992] , the Atmospheric Infrared Sounder (AIRS) on the EOS PM1 platform in late 2000 [Aumann and Pagano, 1994] , and the proposed Tropospheric Emission Spectrometer (TES) on the EOS CHEM platform after 2000 [Margolis et al., 1991] .
AIRS is primarily a temperature and humidity sound-er for EOS and a prototype for the next generation sounder for operational weather forecasting. However, the present configuration of AIRS includes spectral coverage of a portion of the 1-0 vibrationrotation band of CO between 2170 cm −1 and 2206 cm −1 with sufficient spectral resolution to resolve individual CO lines. With a Sun-synchronous, polar orbit at 705 km, AIRS will provide twice-daily global maps of atmospheric parameters [Aumann and Pagano, 1994] .
In this paper we present the results of a prototype AIRS CO retrieval algorithm [Strow, 1993] modified to analyze spectra acquired by the University of Wisconsin-Madison High-Resolution Interferometer Sounder (HIS) during a cross-country flight of a NASA ER-2 from Moffet Field, California, to Wallops Island, Virginia, on September 12-13, 1993 (UT) . This ferry flight of the ER-2 was in preparation for the first Convection And Moisture EXperiment (CAMEX1) flown from the NASA Wallops Island Flight Facility in late September 1993 [Griffin et al., March 1994] . Our analysis reveals the impact of synoptic scale atmospheric motions on the column abundance of CO across the United States on one day in September 1993. The timing of this crosscountry flight on a Sunday near the U.S. CO seasonal minimum provided unique observations of air minimally influenced by pollution. This work demonstrates that column CO can be globally monitored on a long-term basis by using next-generation operational temperature sounders, provided they have sufficient spectral coverage and resolution.
Previous CO Observations
Numerous previous measurements of in situ free tropospheric CO abundances have been made [e.g., Logan et al., 1981; Fishman et al., 1987; Luke et al., 1992; Novelli et al., 1992; Badr and Probert, 1994; Harriss et al., 1994; Dickerson et al., 1995; Pougatchev and Rinsland, 1995 , and the extensive references therein]. However, most of these observations were made either during the summer, when convection injects boundary layer CO into the free troposphere, or over the open ocean. Table 1 presents the few published CO measurements made in September over or near the continental United States.
The in situ CO profiles of Dickerson et al. [1995] were all performed in the urban Baltimore/Washington corridor in the eastern United States and represent only 10 flights up to ∼10,000 feet (∼700 mbar), just barely into the free troposphere. Although the Carr, Colorado; Niwot Ridge, Colorado; and Wendover, Utah, measurements provide a substantial time series, they are confined to single point locations in the western United States with a limited temporal resolution. For example, the September 1993 Niwot Ridge measurements were made only once per week (P. Novelli, NOAA/CMDL, private communication, 1994) . Unfortunately, there was no attempt to coordinate the CAMEX1 ferry flight with these measurements, and thus they are not useful for direct validation. While the Ridley et al. [1990] September 5, 1986, flight yielded a complete cross section of the continental United States, only 125 samples were taken on two transcontinental flights at nearconstant elevation with only a mean and standard deviation CO abundance published.
In addition to the in situ measurements, remote Ridley et al. [1990] .
b References without precise dates are listed as month and year. c Only 4 of these 18 CO profiles were taken in September (R. R. Dickerson and R. Morales, Dep. Meteorol, Univ. Maryland, personal communication, 1997) . Connors et al. [1997]; 3, Reichle et al. [1990] .
b References without precise dates are listed as month and year. c These values have been adjusted upward by the 20-40% suggested by Reichle et al. [1990] . sensing observations of tropospheric CO have been made in September and early October; see Table  2 . The Pougatchev and Rinsland [1995] observations are described and compared with the results of this paper in the Discussion and Interpretation section. To date, the five flights of the Measuring Atmospheric Pollution from Space (MAPS) experiment on board the space shuttle are the only remote sensing observations of global tropospheric CO and the only CO observations from space [Reichle et al., 1982 [Reichle et al., , 1986 [Reichle et al., , 1990 Connors et al., 1997] . Unfortunately, the orbital geometry and cloud cover over the continental United States during the SeptemberOctober 1994 MAPS flight prevented compilation of a complete transcontinental cross section [Connors et al., 1997] .
Additional in situ measurements have demonstrated atmospheric transport of CO over North America [Luke et al., 1992; Pickering et al., 1992; Thompson et al., 1994; Dickerson et al., 1995] . In particular, Doddridge et al. [1991] documented the synoptic scale transport of tropical air low in CO over the mid-Atlantic United States by Hurricane Hugo.
Data
The data used in this analysis come from a set of more than 1000 infrared spectra acquired by the University of Wisconsin-Madison's HIS interferometer during a cross-country flight of a NASA ER-2 from Moffet Field, California, to Wallops Island, Virginia, on September 12-13, 1993 (UT). HIS is a Fourier transform spectrometer covering the 600 to 2600 cm −1 spectral region with an unapodized resolution of approximately 0.36 cm −1 in the 15 µm region and 0.96 cm −1 in the region of the CO 1-0 vibration-rotation band centered near 2140 cm −1 [Smith et al., 1990] .
Spectra were averaged along the flight path in groups of two, ∼2 × 4 km field of view (FOV), yielding a total of 491 averaged spectra with temperature and H 2 O retrievals in nearly cloud free FOVs. Temperature profiles were retrieved for each averaged spectrum using the 15 µm band of CO 2 . H 2 O profiles were retrieved for each averaged spectrum using the 1208-1499 cm −1 region of the ν 2 band of H 2 O [Smith et al., 1987 [Smith et al., , 1991 and subsequently offset to minimize the spectral residuals due to H 2 O in the CO spectral region used for retrieval, 2135-2200 cm −1 . In addition, the surface skin temperature was estimated for each averaged spectrum using window channels. The flight path of the ER-2 across the United States and the locations of the 491 averaged spectra are shown in Figure 1 .
Retrieval Technique
Figure 2 presents a typical Beer-apodized HIS brightness temperature spectrum of the CO fundamental 1-0 vibration-rotation band where the CO lines have a peak-to-peak contrast of approximately 3 K. As a result of the regular spacing of the CO lines, subtracting a calculated spectrum with a known amount of CO from the observed HIS spectrum produces a nearly sinusoidal CO signal in the 2080-2200 cm −1 region. The amplitude of this sinusoidal signal is proportional to the difference in column CO between the observed and calculated spectra. The temperature and H 2 O profiles retrieved from other portions of the same observed HIS spectrum are used in the calculated spectrum.
Only one piece of information about the CO profile is retrieved from each HIS spectrum, the total column CO. This allows the use of standard Fourier signal-processing techniques, such as the Welch method (see the appendix), for detection of the amplitude of the sinusoidal CO signal and provides good rejection of H 2 O contamination. To further mitigate the effects of H 2 O, only the 2135-2200 cm −1 portion of the CO 1-0 vibration-rotation band was used in the retrieval algorithm.
Using a Fourier technique greatly simplifies the data analysis and yields significant noise reduction. Such noise reduction could be important for the colder scenes AIRS will see with its global coverage. The algorithm for retrieval of CO abundances from infrared spectra is summarized in the appendix and described in detail by Strow [1993] . All spectral calculations were performed at a resolution of 0.0025 cm −1 , using a database of absorption coefficients precomputed by the GENLN2 line-by-line radiative transfer program [Edwards, 1992] , and then convolved to HIS resolution.
As discussed in the next section, the retrieval algorithm is most sensitive to CO in the mid-troposphere, roughly between 200 and 900 mbar. Existing in situ measurements of CO profiles at various locations indicate that CO is generally well mixed in the mid-troposphere with the greatest variability in the boundary layer, pressures greater than ∼800 mbar [Seiler and Fishman, 1981; Marenco et al., 1989] . Consequently, all column CO retrievals presented in this paper utilize a constant tropospheric CO mixing ratio. A constant tropospheric CO mixing ratio was also used in the MAPS CO retrieval algorithm [Reichle et al., 1982 [Reichle et al., , 1986 [Reichle et al., , 1990 Connors et al., 1997] . Sensitivity studies indicate that using a constant CO mixing ratio profile dominates the retrieval error and contributes <10% to the total uncertainty. This retrieval algorithm is not necessarily optimal, but it is easy to use and clearly demonstrates the ability of infrared temperature sounders, with sufficient spectral resolution and coverage, to retrieve total column CO. Subsequent HIS observations of a forest fire smoke plume during CAMEX2 in August 1995 demonstrate the capability of this retrieval algorithm to detect localized boundary layer CO enhancements [McMillan et al., 1996b] .
CO Sensitivity Functions
The atmospheric regions probed by a particular CO line can be found by examining the derivative of the emergent atmospheric radiance with respect to the CO mixing ratio in each atmospheric layer. From this derivative, CO sensitivity functions, SF CO , for the just discussed CO retrieval algorithm can be calculated.
The emergent atmospheric radiance for the ith HIS channel, I(ν i ), from a nonscattering, cloud-free atmosphere in local thermodynamic equilibrium is given by the convolution of the monochromatic radiative transfer equation with the instrument response function, F, integrated with respect to wavenumber,
where ǫ s is the surface emissivity; B(ν, T ) is the wavenumber dependent Planck blackbody function evaluated at the surface temperature, T s , or the temperature at altitude z, T (z); I sun is the solar radiance incident at the top of the atmosphere; θ is the solar zenith angle; and I ↓ (ν i ) is an effective downward atmospheric emitted radiance. The monochromatic transmittance of the atmosphere between levels z and h at wavenumber ν is given by
where k(ν, x) is the monochromatic absorption coefficient per unit length at wavenumber ν. Note that the two reflected radiation terms in equation (1) are much smaller than the two direct radiation terms and often can be neglected. The results discussed in the Sensitivity Studies section demonstrate that our column CO retrievals are largely insensitive to errors in the surface emissivity. For all column CO retrievals presented in this paper, ǫ s = 1; thus the two reflected terms are identically zero. The derivative of the emergent radiance, I(ν i ), with respect to CO mixing ratio is
where I r ef (ν i ) is the emergent radiance calculated for some reference CO profile, I j lay (ν i ) is the emergent radiance calculated for the same reference CO profile with a perturbed CO mixing ratio in layer j, and ∆q CO is the CO mixing ratio perturbation in that layer. The derivative is calculated for each layer j, thereby determining the sensitivity of the emergent spectrum to an independent perturbation of CO in each individual layer. Our column CO retrieval technique essentially measures the average depth, or contrast, of the CO lines in the observed spectrum in relation to a spectrum with a known CO profile. A simplified representation of the sensitivity of this retrieval technique to CO in each atmospheric layer is given by the CO sensitivity function, SF CO , defined as the difference between the derivative, equation (3), at two frequencies: on a CO line minus off a CO line:
These SF CO are only for illustrative purposes and are not used in the CO retrieval calculations. The mean SF CO over all 17 CO lines in the 2135-2200 cm −1 region and SF CO for three CO lines (∼2158.2997 cm −1 , ∼2176.284 cm −1 , and ∼2190.018 cm −1 ) are plotted in Figure 3 . The ν offline for each CO line is located midway to the next highest wavenumber CO line. These three lines span the range of observed brightness temperatures from 2135-2200 cm −1 and differ in line strength by approximately a factor of 2. A constant tropospheric CO mixing ratio of 100 parts per billion by volume (ppbv) and a surface-air contrast of 5 K were used in the SF CO computations.
The three individual SF CO in Figure 3 all peak near the same pressure, 500-600 mbar. An examination of calculated monochromatic radiances indicates that the line centers of most of the CO lines between 2135-2200 cm −1 probe above 300 mbar. Changes in CO abundance at these cold altitudes have little effect on the line center emergent radiances. Interference from neighboring strong H 2 O lines pushes the SF CO for the weaker CO lines near band center to higher altitudes. Consequently, the HIS convolved signal functions change little from line to line, even though their line strengths vary by a factor of 5. Although the SF CO generally peak in the vicinity of 500-600 mbar, the lower tropospheric contributions are sufficient to yield reasonably accurate total column CO retrievals.
The SF CO of Figure 3 exhibit a basic similar- Figure 3 . CO sensitivity functions, SF CO , for a constant CO mixing ratio in the troposphere, AFGL standard atmosphere, and surface-air thermal contrast of 5 K. SF CO for CO lines at ∼2158.2997 cm −1 , ∼2176.284 cm −1 , and ∼2190.018 cm −1 are shown along with the mean SF CO for the 17 CO lines in the 2135-2200 cm −1 spectral region. SF CO were calculated from equation (4) using the nearest HIS frequencies.
ity to the CO signal functions for MAPS [Reichle et al., 1990] and the CO weighting functions for MO-PITT [Pan et al., 1996] , because the altitude regions probed by any instrument are primarily determined by the characteristics of the monochromatic radiances. The high effective resolution of the gas correlation instruments does produce some narrowing of the signal functions and variation in the altitude of their maxima, thus yielding some profile information.
Sensitivity Studies
The sensitivity of retrieved column CO to instrument noise; the uncertainty in the shape of the true CO profile; and errors in the H 2 O profile, temperature profile, surface temperature, and surface emissivity were investigated. For the range of surface temperatures observed during the CAMEX1 ferry flight, 280-310 K, instrument noise contributes rms errors in retrieved column CO of <2%. Errors in the temperature profile are small enough to introduce inconsequential errors in the retrieved column CO.
Uncertainties in the H 2 O profile can produce more significant errors. Simulations show a roughly linear relationship between percent change in column H 2 O and change in retrieved column CO with a 25% error (shift) in the H 2 O profile producing a ∼4% change in retrieved column CO. The H 2 O profiles retrieved from other spectral regions were scaled to minimize the spectroscopic residuals due to the strong H 2 O lines in the CO band pass, 2135-2200 cm −1 . This fine-tuning of the H 2 O profiles was only an important factor for the 101 western HIS spectra. Most of the errors in the initial H 2 O profiles for the western spectra were likely due to errors in the topographic database. By separately minimizing the H 2 O residuals in the CO spectral region the column CO errors due to uncertainty in the H 2 O amount are likely <1%.
As stated in the preceding section, a unit emissivity was used in all column CO retrievals. This assumption is largely compensated by retrieving an effective surface temperature, ǫ s B(T s ), from the observed radiances between the CO lines in the most transparent portion of the spectrum between 2135-2200 cm −1 . For the midwestern and eastern spectra, emissivities close to unity in the CO spectral region are expected for the mostly vegetation and ocean surfaces observed. However, the surfaces observed by the western spectra could have consisted of a variety of bare rocks and soils whose emissiv-ity could be less than 1 with considerable scene to scene variation. Simulations show that errors in surface emissivity of ±0.05 contribute less than +0.1% to +1.2% rms percent error in retrieved column CO for surface temperatures from 310 K to 280 K, respectively. Generally, the warmer surface temperatures were observed in the west, thus further minimizing the error introduced by the assumption of ǫ s = 1.
The HIS (or AIRS) spectra provide coincident retrievals of the surface temperature and atmospheric profiles of temperature and H 2 O from the same instrument and within the same FOV as the CO retrievals. The use of such truly coincident data minimizes the effects of errors in these parameters on the retrieval of column CO.
Uncertainties in the shape of the CO profile have the largest potential impact on the accuracy of retrieved column CO. The variability in the shape of CO profiles and the lack of good statistics for these shapes make it difficult to perform a complete sensitivity study. A set of eight CO profiles was selected to represent the global variation in vertical structure in the CO profile found in the literature (Figure 4 ). These CO profiles were chosen not to be statistically representative, but to test the CO retrieval algorithm under extreme and average cases. The eight CO profiles are based on three profiles: (1) well-mixed CO (constant mixing ratio), (2) the Air Force Geophysics Laboratory (AFGL) reference profile [Anderson et al., 1987] , and (3) the "mean" of 56 global CO profiles [Seiler and Fishman, 1981; Marenco et al., 1989] .
The well-mixed and AFGL reference CO profiles were modified in three different ways to mimic the general shape of three different classes of observed CO profiles: (1) "polluted" boundary layer (perturbed approximately lowest 2 km) [Marenco et al., 1989; Seiler and Fishman, 1981] , (2) a forest fire-like plume of enhanced CO above the boundary layer (∼3-5 km) [Harriss et al., 1992 [Harriss et al., , 1994 , and (3) a high-altitude plume of enhanced CO similar to observed thunderstorm venting (∼8-10 km) . Although the CO profile of Pickering et al. [1992] may be more appropriate for this work, the Pickering et al. [1996] profile was chosen to reflect a more extreme case. The "polluted" profile reflects not the most extreme case possible, but rather the conditions in a large, urban-influenced region such as the Baltimore/Washington Metropolitan Area [Dickerson et al., 1995] . CO levels in city centers or near pollution point sources can routinely reach into the parts per million by volume range. Given the location of the ER-2 flight track over mainly rural areas with no major cities overflown (Figure 1) , the atmospheric conditions at the time, and the previous measured CO profiles over the central United States [Carroll et al., 1990; Luke et al., 1992] , the "true" CO profiles more likely favor the "mean" or AFGL profile than any of the modified profiles.
The results of this sensitivity test are shown in Table 3 . The well-mixed CO profile was used for the retrieval of column CO from spectra with each of the nine CO profiles shown in Figure 4 . With the exception of the two "polluted" boundary layer profiles the error in retrieved column CO is <10%. From the preceding discussion it is unlikely that such "polluted" boundary layers were encountered during this flight. The results for the more likely ob-served "mean" and AFGL profiles indicate that errors introduced by using a constant mixing ratio profile are less than or equal to ±5% in retrieved column CO.
Although there is some sensitivity to the boundary layer, Figure 3 clearly demonstrates that the CO sensitivity functions peak in the mid-troposphere (500-600 mbar). This finding, coupled with the results of the CO profile sensitivity study, indicates that the use of a constant CO mixing ratio profile yields a reasonable retrieval of the total CO column density as well as the mean free tropospheric CO mixing ratio. Such sensitivity to CO in the free troposphere is desirable for tracking synoptic scale atmospheric motions while minimizing the impact of locally polluted boundary layers.
Results: CO Retrievals
The retrieved CO column densities for the 491 HIS spectra from the CAMEX1 ferry flight are shown in Figure 5a . The expected variation in CO column density resulting from the variation in topography along the flight path is depicted in Figure 5b . The lack of resemblance between Figures 5a and 5b suggests that something other than topography dominates the observed variation in column CO along the flight path. The reference columns shown here are for a constant CO mixing ratio profile equal to 100 ppbv.
The most striking difference between Figures 5a and 5b is the lack of a gradient in column CO between the west and midwest despite the substantial difference in surface elevation as indicated in Figure  5b . There is some correlation of retrieved column CO with surface elevation for the 101 westernmost spectra, west of −104
• longitude, with a correlation coefficient of approximately 0.57. However, true CO spatial variations from valley to valley and errors in the topographic database could account for the lack of a stronger correlation.
The scatter in retrieved column CO evident in Figure 5a probably results from a combination of factors: true variability in column CO and the CO profile, errors in the temperature and H 2 O profiles, errors in surface emissivity, and other errors introduced by the retrieval technique. With the CO retrievals broken into three spatial groups, west (longitude < −104
• ), midwest (−104 • < longitudes < −80
• ), and east (longitudes > −80 • ), the standard deviation in retrieved column CO for each group is • longitude in Figure 5 (b) results from the decrease in elevation going from the Rocky Mountains in the west to the Great Plains in the east. Note that there is no corresponding change in retrieved column at the same location in Figure 5 (a). ≤10%, as shown in Table 4 . The available data on the temporal and spatial variability of CO in the middle to lower troposphere indicates that variations of 50-100% are possible [Seiler and Fishman, 1981; Luke et al., 1992; Bakwin et al., 1994; Eisele et al., 1994; Doddridge et al., 1991; Dickerson et al., 1995] . Furthermore, the scatter in Figure 5a is similar in magnitude to the scatter in the unaveraged CO retrievals from MAPS [Reichle et al., 1982 [Reichle et al., , 1986 [Reichle et al., , 1990 . The timing of the CAMEX1 ferry flight on a Sunday afternoon to early evening local time does not favor a low-altitude compressed boundary layer that might lead to polluted conditions, particularly over the west and western midwest. In addition, the flight track covered mainly rural areas with no major cities overflown. As expected for a Sunday, the available data from EPA monitoring sites in the west and midwest indicate relatively low CO on the day of the ferry flight, even in urban areas. Thus the major source of error in retrieved column CO, a polluted boundary layer, generally can be ruled out.
Although it is possible that the scatter in Figure  5a largely results from true variations in the abundance of CO, errors in the other parameters cannot be completely overlooked. Variability in surface emissivity is at a minimum over the ocean in the east, indicating an uncertainty due to all other factors of ∼7.5% from the standard deviation in Table  4 . Comparing this value for the east to the standard deviations for the west and midwest implies that surface emissivity variations contribute ≤2.5% to the total uncertainty in column CO for the west and midwest. The results of the previous section are consistent with the ≤10% standard deviation in retrieved column CO being representative of the uncertainty in our measurement of column CO.
Comparison With Previous Measurements
The CAMEX1 ferry flight was a flight of opportunity with no coordinated measurements along the ground track of either the total column CO or the in situ CO profile. The ground track passed close to two Cooperative Institute for Research in Environmental Science/Climate Monitoring and Diagnostics Laboratory (CMDL) surface CO monitoring sites at Wendover, Utah, and Niwot Ridge, Colorado. Both ground sites made measurements on September 14, 1993 (see Table 1 ) (P. Novelli, NOAA/CMDL, personal communication, 1994) . However, a back trajectory analysis indicates that these surface measurements et al., 1996a] .
In the absence of coordinated, coincident data for validation one has to rely on qualitative validation using appropriate climatology. The mean retrieved column CO of ∼1.2 ×10 18 cm −2 given in Table 4 for the west (mean surface elevation of ∼2200 m) agrees well with the Pougatchev and Rinsland [1995] column CO of ∼1.25 ×10 18 cm −2 retrieved from ground-based solar IR spectra acquired at Kitt Peak (elevation of ∼2100 m) in mid-September 1982-1993 (Table 2) .
Although column CO is the actual retrieved parameter, it is easier to visualize the spatial variation in CO with a plot of the retrieved constant CO mixing ratio shown in Figure 6 . In this format the three spatial groupings discussed in the previous section, west, midwest, and east, are more readily apparent than they are in Figure 5a . Following from the discussions of the CO sensitivity functions and sensitivity studies, these CO mixing ratios are interpreted as the mean free tropospheric CO mixing ratio in the range of 800-400 mbar. This interpretation is analogous to that applied to the MAPS observations [Reichle et al., 1982 [Reichle et al., , 1986 [Reichle et al., , 1990 Connors et al., 1997] .
The most striking feature of Figure 6 is the lower CO mixing ratios retrieved over the midwest than over the west or east. The mean retrieved CO mixing ratio over the midwest is more typical of upper tropospheric air or extremely clean tropical/subtropical air. Table 5 presents the mean CO mixing ratios of Figure 6 for the three defined spatial regions. The retrieved CO mixing ratios over the west and east in Table 5 overlap those from the aircraft profiles in Table 1 . However, those over the midwest are substantially lower than any of the in situ measurements and are closer to the high-altitude layer of Pougatchev and Rinsland [1995] (Table 2 ). The mean west CO mixing ratio is close to the mean of the two layers of Pougatchev and Rinsland [1995] shown in Table 2 . This finding is expected given that the CO sensitivity functions of Figure 3 show substantial sensitivity up to 200 mbar.
Although most of the MAPS CO mixing ratios over the continental United States in October 1994 were in the 75-105 ppbv range, some of the values over the central United States were in the 60-75 ppbv range [Connors et al., 1997] (Table 2 ). In addition, MAPS observations over the United States in early October 1984 found CO mixing ratios as low as 42-77 ppbv over the continental United States (Table 2 ) [Reichle et al., 1990] .
Discussion and Interpretation
An analysis of surface and upper air weather maps covering the several days preceding the CAMEX1 ferry flight suggests that the air in place over the midwest at the time of the flight had rapidly moved in from the Gulf of Mexico during the preceding 36 hours. A simplified surface map for 0000 UT on September 13, 1993, is shown in Figure 7 . This flow was confined to pressures greater than 700 mbar and occurred in advance of an approaching cold front draped along the Rocky Mountains and a trough of low pressure extending from central Colorado to the Mexican border. At higher elevations over the midwest, airflow was more from the west. Meanwhile, behind the front, airflow was from the west and northwest depending on the altitude. Along the mid-Atlantic coast the surface map indicates onshore flow from the southeast, while upper air maps indicate flow from the west and north.
The weather map analysis is consistent with the results of a series of back trajectory calculations (Figure 8 ) which reveal distinctly different source regions for the air over the three geographic regions identified in Figure 6 . Five-day back trajectories were calculated with the Goddard Isentropic Trajectory Model (GITM) [Schoeberl et al., 1992] and European Centre for Medium-Range Weather Forecasting (ECMWF) data for the latitude/longitude of 104 of the HIS spectra from the CAMEX1 ferry flight. The back trajectories start at the time of each spectrum and 50 to 100 mbar above the surface (Figure 8) . Although the GITM was developed for stratospheric applications [Schoeberl et al., 1992] it has been successfully used for interpretation of tropo- Figure 8 by Geographic Region.
Beginning Ending Mean Pressure
Mean Pressure Geographic (Sept. 12-13, 1993 , (Sept. 7-8, 1993 [Thompson et al., 1996; Pickering et al., 1996] . The 104 spectra were chosen to span the range of longitudes sampled along the flight path and to reduce the inherent uncertainty in any one trajectory by providing multiple trajectories for each of the three regions. The mean beginning and ending pressures for each of the three geographical groupings are listed in Table 6 . Although the trajectories for all three regions, west, midwest, and east, show contributions from pressures less than 600 mbar, the mean 5-day back ending pressures for each of the regions are significantly different. Interestingly, the region with the lowest observed CO values, the midwest, has the largest ending pressure. Evidently, the dramatically different source areas for the trajectories in each of the three regions is more important than the ending pressure for producing the observed CO abundances.
As demonstrated by numerous in situ CO measurements campaigns summarized by Logan et al. [1981] and Badr and Probert [1994] , both surface and free tropospheric CO mixing ratios generally increase from the southern to northern hemisphere and even between 20
• N and 40
• N. Unfortunately, none of these historical observations were made in the month of September over North America. Although the August 1974 CO profiles of Seiler and Fishman [1981] show a CO gradient of 50-100 ppbv between 20
• N from 900-700 mbar, the free tropospheric CO measurements of Pratt and Falconer [1979] in October 1977 show a slightly reversed to nonexistent gradient. A minimum in the south to north CO gradient is expected at this time of year as a result of the seasonal minimum [Schoeberl et al., 1992] and ECMWF data for the latitude/longitude of 104 of the HIS spectra from the CAMEX1 ferry flight starting at the time of each spectrum and 50 to 100 mbar above the surface (graphics by NASA/GSFC/TPMS). . Two-day back trajectories calculated with the Goddard Isentropic Trajectory Model [Schoeberl et al., 1992] and ECMWF data for the midwestern trajectories of Figure 8 (graphics by NASA/GSFC/TPMS). of CO in the northern hemisphere coinciding with the seasonal maximum of CO in the southern hemisphere. However, the model of Law and Pyle [1993] still shows an increase in CO from 20
• N to 40
• N in September at both 2 and 6 km. Moreover, the October 1994 MAPS observations display a very heterogeneous longitudinal distribution of CO with variable gradients between 20
• N. In particular, MAPS found an increasing gradient between 20
• N over North America with several pockets of low CO (60-75 ppbv) over Baja California, the western Gulf of Mexico and Caribbean, and the north central Atlantic. Figure 8 demonstrates that the offshore Pacific Ocean and near-shore and onshore Oregon and California areas are the source regions for the air over the west at the time of the CAMEX1 ferry flight. The trajectories originating farther offshore slowly subside from the mid-troposphere, allowing time for mixing with ambient air and parcels from other sources. In situ measurements of CO off the coast of California and near Hawaii in October and November 1983 revealed CO mixing ratios above the boundary layer ranging from 60 to 100 ppb [Fishman et al., 1987] , indicative of relatively clean air generally removed from anthropogenic sources of CO. The October 1994 MAPS observations found an enhancement in CO in the area north and east of Hawaii [Connors et al., 1997] . Unfortunately, no in situ measurements were made in these source regions at the 5-day back trajectory times. In Figure 8 the nearshore source region taps the 800 mbar level, with the remaining trajectories disclosing some recirculation of air over Oregon and California. Any recirculated air that might contain more CO will likely be diluted with some of the cleaner air from offshore. Thus the retrieved CO mixing ratios in Figure 6 over the west generally agree with the expected CO based on the indicated source regions.
Likewise, the influx of relatively clean maritime air off the Atlantic at low altitudes, ∼70 ppb [Harriss et al., 1994] , mixes with the slowly subsiding air originating over arctic Canada, 70-100 ppb [Harriss et al., 1992 [Harriss et al., , 1994 , to produce the air mass in place over the mid-Atlantic coast at the time of the CAMEX1 ferry flight. The October 1994 MAPS measurements also indicate CO mixing ratios in the 75-105 ppbv range for both the offshore Atlantic and central Canadian source regions [Connors et al., 1997] . These source regions, combined with the expected seasonal minimum of CO over North America, yield CO mixing ratios in rough agreement with the retrieved CO mixing ratios over the east ( Figure  6 ).
Examination of Figures 8 and Figure 9 reveals that the complexity in midwest trajectories largely starts at the 2-day back point. As illustrated in Figure 9 , the 2-day back trajectories come from the west to the south as one moves from west to east along the flight track. Thus the bulk of the air over the midwest has come up from the Gulf of Mexico in the preceding 48 hours, as suggested by the weather map analysis. The westernmost of the midwest trajectories are the most uncertain as a result of the significant topography of the Rocky Mountains and the presence of the approaching cold front (see Figure  7 ). In addition, the 2-day back trajectories confirm that the bulk of the southerly flow is occurring in the lowest 2 km of the atmosphere.
Prior to the 2-day back point the path and origin of the midwestern trajectories become less certain, with the bulk of them indicating a dramatic shift in direction to the north and west (Figures 8 and 9 ). This change in direction results from the breakdown of a stalled frontal system that stretched across the Gulf of Mexico prior to September 11, 1993, and the strengthening of the anticyclone drawing air up off the Gulf of Mexico toward the midwest after September 11, 1993. To assess the accuracy of the trajectories in the 3-5 day back time frame, an additional set of back trajectories was run. A family of five trajectories was calculated for each of the midwestern trajectories with the start position at the location of the 2-day back point ±3
• of latitude and longitude. This latitude/longitude offset is a reasonable estimate of the uncertainty in the position of a 2-day back trajectory. The results of this expanded set of trajectories, run over the 3-5 day back time frame, suggest that ∼21% of the air over the midwest may have an origin in the western Caribbean or central Gulf of Mexico, while the remaining ∼79% originated over the northwestern or western United States with very rapid subsidence from the vicinity of 700-500 mbar. The October 1994 MAPS observations show low CO mixing ratios, 60-75 ppbv, in the western Gulf of Mexico and Caribbean with moderate low values, 75-90 ppbv, in the northwestern United States and southern Canada [Connors et al., 1997] . Thus the rapidly subsiding air brings its lower CO abundance to low altitudes, where it mixes with the clean air flowing from the Gulf of Mexico.
The retrieved CO column densities and inferred mean free tropospheric mixing ratios from the CAMEX1 ferry flight ( Figure 5 ) can be explained by synoptic scale transport of air parcels from different source regions with different abundances of CO. The retrieved CO abundances over the west and east were dominated by the expected seasonal variation in CO. However, the low CO abundances retrieved over the midwest appear to originate with the transport of air low in CO from the subtropics combined with low-CO air subsiding from the upper troposphere.
Summary
We have demonstrated the capability of a highresolu-tion infrared sounder to retrieve CO column abundances. Error analysis combined with subsequent in situ validation [McMillan et al., 1996a] indicate an uncertainty of approximately ±10% in retrieved column CO. Applying this retrieval algorithm to a set of 491 nadir infrared spectra obtained by the HIS during a cross-country flight of a NASA ER-2 on September 12-13, 1993 (UT), we observed an interesting pattern of variability in column CO over the United States. Weather map and back trajectory analyses indicate different source regions as the cause of the observed spatial variation in CO abundance. Retrieved CO column densities over the western United States from this flight agree well with previous ground-based CO column measurements from Kitt Peak in September [Pougatchev and Rinsland, 1995] . The unexpectedly low CO values observed over the midwestern United States most likely result from the mixing of rapidly subsiding air naturally low in CO with a low-altitude flow of subtropical air, also naturally low in CO, off the Gulf of Mexico. This airflow pattern resulted from the combination of an advancing cold front over the Rocky Mountains and a strengthening anticyclone off the U.S. east coast.
These results further demonstrate the impact of synoptic scale atmospheric motions on CO abundances in the free troposphere and the utility of future observations of tropospheric CO using nextgeneration meteorological temperature sounding satellite instruments. Although previous observations have seen such synoptic scale variations in CO, only MAPS has ever offered such a detailed view of so large an area in only a fraction of a single day [Connors et al., 1989] . However, unlike MAPS, an infrared sounder can also routinely retrieve all the necessary atmospheric and surface parameters in addition to column CO. The slightly lower spectral resolution of AIRS versus HIS does not significantly affect the ability to retrieve column CO [Strow, 1993] . Very high spectral resolutions sounders such as the Interferometric Monitor for Greenhouse Gases (IMG) on Japan's Advanced Earth Observing Satellite (ADEOS) [Shimoda and Ogawa, 1993] or the proposed TES on EOS-CHEM [Margolis et al., 1991] could retrieve some CO profile information in addition to many other gases.
This work demonstrates the capability of nextgener-ation, high spectral resolution, operational temperature sounders to monitor long-term global trends in CO concentration provided the proper wavenumber channels are covered. Such existing satellite programs can provide this information on the required daily to decadal timescales. Global monitoring of CO will enable (1) the identification of sources and sinks of CO, (2) the tracing of atmospheric motions in cloud free regions, and (3) the evaluation of the chemical health of the troposphere in regions far from human habitation.
Appendix: Retrieval Technique
Our CO retrieval algorithm is based on a standard technique in signal processing called the Welch method [Candy, 1988; Fante, 1988] , which estimates the power or cross-spectral density of a signal in random noise. As was noted in the Retrieval Technique section of this paper, CO produces a nearsinusoidal variation in the observed HIS brightness temperatures, allowing the use of Fourier techniques for signal recovery. Our CO "signal" is defined as the difference between the observed HIS brightness temperature spectrum and a spectrum calculated with the HIS-retrieved atmospheric parameters and a reference CO profile. This quantity is divided into k (overlapping) sections of m points, where m is some power of 2. Each section is Hanning windowed and transformed with an m point Fast Fourier Transform (FFT). These k FFTs are summed for noise reduction. We then multiply this result with the complex conjugate of the FFT of a noise-free reference CO signal. This noise-free reference CO signal is the difference between a brightness temperature spectrum calculated with the reference CO profile and one calculated with a slightly perturbed profile for the CO concentrations. The HIS-retrieved atmospheric parameters are used in both of these calculations. This last operation in Fourier space removes the part of the signal that is insensitive to CO, i.e., some of the dc signal level, interfering lines, and other features. The resulting quantity is sometimes called the cross-spectral density (CSD), in the parlance of signal processing, and is used to determine the CO amount. In this context the term spectral in cross-spectral density corresponds not to an optical frequency, but to the second member of the Fourier pair (wavenumber ↔ centimeter).
The algorithm is summarized as follows. Define CO (z) is the reference CO mixing ratio profile, ν is the frequency, T is the temperature, and z is the altitude. Here, γ(z) is the perturbation to the CO profile used to generate a noise-free brightness temperature difference spectrum. In this paper we use both 
In the above operation, F F T (x h k ) * windows each individual FFT of our signal so only those parts sensitive to CO remain. The sum over k reduces noise but sacrifices the resolution of the CO signal in Fourier (displacement) space by sectioning the CO spectrum into k smaller subunits. We used 134 points in the HIS spectrum to determine the CSD. Through trial and error testing we chose m = 64, which results in k = 6 windowed FFTs that are averaged. This set of parameters is a compromise between signal-to-noise and resolution of the peak in the CSD due to CO.
This algorithm is not necessarily optimal, but it is quite easy to implement and provides good rejection of water vapor contamination in the spectra. We believe that the residual uncertainties in the retrieved CO columns are not dominated by any inadequacies in this simple retrieval algorithm, but instead are a combination of other factors such as an inaccurate CO reference profile, temperature and water vapor retrieval errors, and forward model errors.
